Abstract-A pyramidal horn monopulse array is proposed for working at Ka-band with circular polarization (CP) characteristic. The array is composed of 28 elements with a 28-way waveguide power divider network. The element has a pyramidal horn with a rectangular waveguide, which is placed downside the horn. There is a 45 • inclined slot cut in the wide wall of the rectangular waveguide. The inclined slot can convert the excitation into two orthogonal modes with equal amplitude, and 90 • out of phase is produced due to different propagation constants of the two modes in the pyramidal horn. Therefore, the antenna can achieve CP by using a compact structure without polarizer. This paper also provides procedure of the compact power divider network for synthesizing monopulse pattern. This monopulse array has excellent performance: The simulated and measured reflection coefficients of the sum port and difference port of the array are below −15 dB, the side lobe level of array less than −27 dB, and axial ratio < 3 dB in the mainlobe beamwidth. The simulated and measured results are in good agreement.
INTRODUCTION
Monopulse direction finding technique is one of the most accurate and rapid methods for locating a target electronically [1] . A simple monopulse system combines the information received by two channels: the sum (Σ) and the difference (∆) channels, which produce broadside patterns with a broad peak and sharp null, and allow a system to obtain information about the position of a target.
Horn antenna is an attractive choice for circularly polarized element [2] [3] [4] . A typical circularly polarized horn antenna consists of three major components: a wave launcher, a polarizer and a beam shaper [5] . The wave launcher is generally used at lower frequencies. At higher frequencies, the wave launcher is sometimes omitted since the energy is already in the form of a guided wave, and can be directly applied to the polarizer. Depending on the type of antenna to be fed, the beam shaper can be implemented in many ways. The polarizer is the most important component to generate the CP. CP is usually generated by using waveguide polarizer, which takes several forms. For instance, metallic septum in square waveguides [6, 7] or circular waveguides [8, 9] have been reported, and waveguide polarizers have also been proposed by adding corrugations [10] , dielectric slab [11] , irises [12] , grooves [13] or by using lossy magnetic material [14, 15] . However, these polarizers always have large dimensions or complicated physical structure.
A novel pyramidal horn array with a compact power divider network is proposed in this paper. The element has a pyramidal horn with a rectangular waveguide, which is placed downside the horn. There is a 45 • inclined slot cut in the wide wall of the rectangular waveguide. The inclined slot can convert the excitation into two orthogonal modes with equal amplitude, and 90 • out of phase is obtained due to different propagation constants of the two modes in the pyramidal horn. Therefore, the antenna can achieve CP by using a compact structure without polarizer. In addition, to provide output amplitudes and phases exactly as required by the antenna array, the procedure of compact waveguide power divider network is also presented in this paper. As a result, with the power divider network, the overall size of the array will decrease without any performance deterioration.
This monopulse array is restricted by its structure due to mechanical scanning limitations.
The antenna will keep its performance in spite of vibration and shock interference. The antenna array working at Ka-Band has 0.01 fc relative bandwidth, and fc represents the center frequency. The reflection coefficient at the ports of the array is below −15 dB, side lobe level (SLL) below −27 dB, axial ratio of Right Hand CP (RHCP) below 3 dB in the beamwidth, level difference of ∆ beam below 1 dB, and null depth of the ∆ beam below −22 dB. These characteristics imply that the antenna array has excellent performance.
ELEMENT DESIGN

Design Concept of the Element
To realize an element which has good CP performance in a compact structure, a pyramidal horn antenna with a short-circuited end rectangular waveguide is proposed. The structure of the element is illustrated in Fig. 1 . A pin near the input port of the rectangular waveguide is designed for optimum impedance match. There is a 45 • -right inclined slot (from the top view in Fig. 2(a) ) cut in the wide wall of the rectangular waveguide. The center of the inclined slot must coincide with the phase center of the pyramidal horn where the excitation takes place. By selecting the appropriate dimensions of the 45 • -right inclined slot, the excitation in rectangular guide will be converted into two orthogonal modes (TE 10 and TE 10 ) of equal amplitude. According to the waveguide mode theory, the field components in rectangular guide can be expressed in the normalized form [16] . And different modes have different propagation constants in a rectangular waveguide. The propagation constant β in the normalized form formula of the TE mn modes can be expressed by
where a and b represent the length and weight of the port of rectangular waveguide respectively, and λ is the wavelength in the free space. In formula (2), selecting an appropriate length (l) of the waveguide will make different modes 90 • out of phase: The classical theory approaches [17] is used to analyze the radiation characteristics of the pyramidal horn and to verify the feasibility of the horn element design. Assume that the phase distribution on the mouth of pyramidal horn changes along the X and Y direction in the way of uniform square rate. Pyramidal horn is excited by TE 10 and TE 01 , and its total aperture field is shown in formula (3):
Es =ŷE 10 y +xjE 01
where η = 120π is the free-space wave impedance, E 10 y the electric field of the TE 10 mode, E 01
x the electric field of the TE 01 , and formulas of these two field components can be referenced to the literature [17] . The complex number j is phase difference of the two field components, equal to π/2.
The far field E θ and E ϕ can be shown in (4) by vector wave functions:
where the vector wave functions of L ϕ and N θ can be referenced to the literature [18] . λ is the wavelength and β the propagation constant. Based on the above theoretical analysis and combined with the calculation and simulation, a horn element has be designed. The dimensions of the mechanical design are shown in Fig. 2 .
The main design parameters determining the electromagnetic characteristics of the antenna are as follows: D e is the length of the aperture of the horn, D h the width of the horn, h 1 the height of the horn, and a, b and h 2 are the length, width and height of the waveguide transition, respectively. w is the width of the rectangular waveguide, h 3 the height of the rectangular waveguide, l s the distance from the center of the slot to the short-circuited end of rectangular waveguide, and l p the distance from the center of the pin to the input port. The rectangular waveguide length (L) is not critical, as long as it extends beyond the length for the attenuation of undesired modes, as shown in Table 1 . 
Simulation of Element
To determine the parameter values of the design, we perform optimization of the horn antenna using Ansoft HFSS. According to the simulation in Ansoft HFSS, the final design parameters of the antenna are determined as shown in Table 1 .
The radiation patterns and reflection coefficient are shown in Fig. 3 . Aluminium is used as the material for all the metallic parts. All the dimensions are internal to the horn antenna, in order to make them independent of the metal's thickness. The simulated reflection coefficient of the rectangular waveguide port is shown in Fig. 3(a) in 0.01 fc-bandwidth at Ka-band, and fc represents the center frequency. The element has a maximum reflection coefficient of −20 dB. However, the reflection coefficient increases sharply to −13 dB without loading the pin. Therefore, the pin along the rectangular waveguide is essential to the impedance matching. Fig. 3(b) shows the simulated RHCP radiation pattern and the cross-polarization (LHCP) for two orthogonal planes, the azimuth plane and the elevation plane. Excellent symmetry and good cross polarization rejection can be observed. The element antenna has gain of 11 dBi at center frequency fc, and the −3 dB beamwidth is approximately 38 • in the elevation plane and more than 60 • in the azimuth plane. Fig. 3(c) depicts the element axial ratio for the −6 dB beamwidth in azimuth plane and elevation plane at center frequency fc. As common to other similar antennas, the axial ratio starts to degrade when the scanning angle is increased. However, axial ratio < 3d over the main lobe beanwidth is achieved both in the azimuth and elevation planes.
ARRAY AND POWER DIVIDER NETWORK DESIGN
To produce monopulse Σ and ∆ patterns and enhance the gain in the azimuth plane, an array design by using the horn antenna as element is described here. If the array is fed by two ports with in-phase or out-ofphase, monopulse Σ and ∆ patterns, respectively, can be synthesized in one direction [19] . Therefore, a design for power divider network is also presented in this section.
Array Structure Design
To synthesize monopulse Σ and ∆ patterns in the azimuth plane, a linear array is arranged along the X-axis. In order to design the array, the total number and the space of array elements should first be selected. In this design, the minimum number of antenna elements in the linear array is 28, as determined in the desired radiation patterns, and the most suitable element spacing (d) can be considered to be 0.88λ, λ is the wavelength at the center frequency. The left half of antenna array is shown in Fig. 4 , and the right half is the same as the left. Taking into consideration of sidelobe suppression, the linear array Table 2 , and the right half of the distribution is a mirror value of the left. For the azimuth pattern, a low sidelobe (−30 dB) Taylor distribution is achieved by using Taylor Synthesis Method to shape the main beam to the desired beam characteristics. On the other hand, for the elevation pattern, the radiation pattern characteristics of the element are still maintained. 
Power Divider Network Design
The power divider feed network has been designed to provide output amplitudes and phases exactly as required by the antenna array. The antennas for practical application are restricted in their structure due to mechanical scanning limitations. In such situations, the waveguide power divider network is a suitable building block for this antenna array [20] , and this literature uses the four-port equivalent magic tee waveguide as the splitter, but we employ the there-port H-T waveguide as the splitter, and magic tee acts as a directional coupler and a phase shifter formed compact topological structure to design the power divider network. It is worth mentioning that the power divider network in this paper has the advantage of more precise machining. Fig. 5 shows the left half of topological structure of the 1 : 28 power divider network, and there are 26 splitters in the entire power divider. The calculated power split ratios of 13 splitters in Fig. 5 are shown in Table 3 .
The most critical component in this power divider for antenna array is the 3-port H-plane T (H-T) splitter [21] : It has to be designed precisely for various split ratios in order that the power divider network produces the amplitude and phase required for the array distribution function. The VSWR at the central port (P1) of the H-T junction must be kept very low because the feed network cannot tolerate impedance mismatch. In addition, to realize the constant phase of array excitation, the effective path length differences between the H-T splitter output ports has to be taken into account. The splitter is shown in Fig. 6 , and it allows us to alter the power split ratio P3/P2 and VSWR at port 1 by changing the position (x) and length (L) of a septum and the width (w) of the iris.
To reduce the width of the power divider network, mitered waveguide bends and slot-coupling have been utilized in this design. Based on the topological structure which is shown in Fig. 5 , the configuration of power divider is presented in Fig. 7 . But splitters from No. 1 to No. 7 are folded and fed through the slots to reduce the width of the power divider network. In Fig. 7(b) , from the front view, Figure 6 . Reactive H-T splitter geometry. Table 1 , all lengths of these slots vary in certain scope to be resonance slots for transferring maximum energy from the lower layer to upper layer. Magic tee acts as a directional coupler and a phase shifter. In this design, the magic tee can be obtained by slot-coupling combination of two parts. Fig. 8 shows the structure of the magic tee. From the front view, the upper layer is the feed path of the Σ port, which directly connects to the power dividers. The lower layer is the feed path of the ∆ port and feeds the power dividers through the coupling slot. In addition, the position of the pin in the waveguide of the Σ port can be adjusted for the best impedance matching.
The magic tee and power dividers are connected to build a compact monopulse combining network. Its configuration is shown in Fig. 9 . Since the power divider network has a complicated structure for synthesizing monopulse Σ and ∆ patterns in the azimuth plane, it is difficult to list all detailed dimensions of the structure. The dimensions of the entire power divider network are expressed by λ, and the height of each layer's waveguide is h3 the same as the height of the element's rectangular waveguide. The simulated dividing characteristics are presented in Fig. 10 and Fig. 11 . As shown in Fig. 10(a) and Fig. 10(b) , the simulated amplitudes at the 28 output ports deviate by up to ±0.3 dB compared with the calculated results given in Table 2 . Fig. 11(a) shows the maximum phase discrepancy over all ports is up to ±3 degrees when the power divider network is excited at Σ port. In Fig. 11(b) , the relative phase between the left half 14 output ports and right half 14 output ports is approximately 180 • out-of-phase when the ∆ port is used. Since the power divider network has a compact structure, it cannot neglect the influence of discontinuity (including septum, iris and coupling-slots even for the very narrow bend-to-bend or bend-tosplitter spacing and so forth) encountered in the present power divider network, and the simulated values shift a little compared with the theoretical prediction. However, the results of power divider network are still desirable.
Simulated results of VSWR of the two ports are shown in Fig. 12(a) . The power divider network has maximum VSWR of 1.14 for Σ port and 1.10 for ∆ port across the operating bandwidth. Fig. 12(b) shows the isolation characteristic of two ports, and the minimum isolation is approximately 31.5 dB over the working bandwidth.
In order to achieve accuracy in the simulation of the network, each splitter needs to be designed carefully in the 0.5 degrees and 0.2 dB range for the phase balance and amplitude match before making up the feeding network. In addition, the feed network simulation also needs to take into account the electrical path length of the power divider H-T junctions as well as of the bends, coupling slots and straight line sections, which are vital to the output ports' phase of the power divider network.
MEASURED AND SIMULATED RESULTS
A 28-element linear array model with power divider network described in the previous section is presented in Fig. 13(a) . This model is used for detailed simulation analysis of the entire array's characteristics. The fabricated array prototype is shown in Fig. 13(b) . As shown in Fig. 13(c) , the fabricated array consists of six-layer aluminium plates, and each aluminium plate is the relative part as follows: (1) pyramidal horn array; (2) rectangular waveguide and the upper layer of power divider network; (3) the lower layer of power divider network; (4) the feed path of Σ-port; (5) the feed path of ∆-port; (6) two waveguide of two ports. These layers must be tightly assembled by welding. The welding quality and the fabrication error can adversely affect the radiation characteristics and impedance matching of the array. Figure 14 illustrates a good agreement between the measured and simulated reflection coefficients at two ports covering the required bandwidth under the criterion of less than −15 dB. Fig. 16 shows the measured and simulated monopulse normalized patterns in the azimuth plane at the center frequency. The agreement between the simulated and measured values in the Σ pattern supports the technical feasibility in the previous design. In the ∆ pattern, since the fabricated power divider network must take into account the errors of processing, the measured value of null depth is less than 30 dBi while the simulated value of null depth is more than 31 dBi. As shown in Fig. 15(b) , there exists a moderate difference between the radiation patterns from the measurement and simulation in the elevation plane. Both the measured and simulated −3 dB beamwidth in elevation plane are approximately 38 • when the array is excited at the ∆ port. At scanning angle of 0 • , the measured Σ/∆ ratio is approximately 26 dB, while the simulated Σ/∆ ratio is more than 31 dB. These values of Σ/∆ ratio accord with the values of null-depth in azimuth plane. However, the radiation patterns are not symmetrical in the elevation plane, especially when the array is excited at the ∆ port. The result is caused by the asymmetric structure of array in the elevation plane.
In Table 4 , the main values of the array in both the simulated and measured results at three different frequencies in two main planes are summarized for easy comparison. The values of SLL are below −27 dB at three frequencies. The ∆ patterns also indicate good symmetry with a less than −26 dB deep null on-axis at three frequencies. Note that the values of level difference and null-depth in measurement are worse than that in simulation. The cause of the difference is due to superposition effects of residual mismatches at the ports' waveguide loads and the errors relevant to actual machining process conditions. Fig. 16 illustrates the axial ratio of array for the −3 dB beamwidth in two planes at the center frequency. Both the measured and simulated axial ratio are lower than 3 dB, showing good circularity of the array. 
CONCLUSION
In this paper, a novel and compact feed structure in a rectangular waveguide is proposed to achieve RHCP. The 45 • -right inclined slot convert the excitation into two orthogonal modes of equal amplitude and 90 • out of phase is produced by adjusting the dimensions of the pyramidal horn. Compared to ordinary CP horn antenna, the proposed antenna has a compact structure without polarizer, and the element can be easily fabricated owing to its structural characteristics. By means of the presented novel design of power divider network, the monopulse pattern synthesis has been made. A prototype antenna array is fabricated, and the radiation characteristics are measured. The agreement between the measurement and simulation verifies the capability of the circularly polarized array for the monopulse tracking operation. In addition, although there are many slots, septa, irises and pins loaded in the power divider network, which will lead to complicated structure, 90% fabricated arrays have almost the same characteristics as described in our paper. This high yield supports the technical feasibility of the design.
